Abstract. We review our recent results on the classification of long and short gamma-ray bursts (GRBs) in different subclasses. We provide observational evidences for the binary nature of GRB progenitors. For long bursts the induced gravitational collapse (IGC) paradigm proposes as progenitor a tight binary system composed of a carbon-oxygen core (CO core ) and a neutron star (NS) companion; the supernova (SN) explosion of the CO core triggers a hypercritical accretion process onto the companion NS. For short bursts a NS-NS merger is traditionally adopted as the progenitor. We also indicate additional sub-classes originating from different progenitors: (CO core )-black hole (BH), BH-NS, and white dwarf-NS binaries. We also show how the outcomes of the further evolution of some of these sub-classes may become the progenitor systems of other sub-classes.
Introduction
Gamma-ray bursts (GRBs) are traditionally classified based on their duration [1] [2] [3] [4] [5] : short GRBs last 2 s, while long GRBs last 2 s.
Thanks to the extensive data collected by γ-ray telescopes, such as AGILE, BATSE, BeppoSAX, Fermi, HETE-II, INTEGRAL, Konus/WIND and Swift, to more sofisticated time-resolved spectral analyses, and to the theoretical treatment of the fireshell model [6] [7] [8] it has become evident that both long and short bursts originate from binary progenitors and that they can be further subdivided into a variety of sub-classes, depending on the evolution of these binary systems [9] [10] [11] .
Short bursts are associated to NS-NS or BH-NS mergers [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] : their host galaxies are of both early-and latetype, their localization with respect to the host galaxy often indicates a large offset [23] [24] [25] [26] [27] [28] [29] or a location of minimal star-forming activity with typical circumburst medium (CBM) densities of ∼ 10 −5 -10 −4 cm −3 , and no supernovae (SNe) have ever been associated to them.
Long bursts have been traditionally associated to the death of single massive stars [30] . The large majority of long bursts is related to SNe and are spatially correlated with bright star-forming regions in their host galaxies [31, 32] with a typical CBM density of ∼ 1 cm −3 [33, 34] . However, the above single progenitor model contrasts with -X-ray flashes (XRFs) with E iso 10 52 erg and restframe spectral peak energy E p,i 200 keV. These systems, already pioneered in a different context [43] [44] [45] , originate in widely separated CO core -NS binaries with an orbital separation a > 10 11 cm [41] , therefore the hypercritical accretion onto the NS companion is insufficient to induce gravitational collapse to a BH [39] [40] [41] and, therefore, as expected in our theory no GeV emission is observed. The outcomes (or out-states) of XRFs are binaries composed of a new NS (νNS) produced from the SN explosion, and a massive NS (MNS) which accreted matter from the SN ejecta. Their occurrence rate is ρ XRF = 100 +45 −34 Gpc −3 yr −1 [42] (see figure 1 ).
-Binary-driven hypernovae (BdHNe) with E iso 10 52 erg and E p,i 200 keV. BdHNe occur in tighter binaries (a < 10 11 cm), where the hypercritical accretion onto the companion NS leads to the formation of a BH [41] and, therefore, to the emission of the associated prolonged GeV emission (observable when inside the LAT field of view). Specific constant power-law behaviors are observed in their high energy GeV and Xrays luminosity light curves [9, 46, 47] . The out-states of BdHNe are νNS-BH binaries [41, 42, 48, 49] . The BdHN occurrence rate is ρ BdHN = 0.77
[42] (see figure 1 ).
For progenitor system composed of a CO core in binary with an already formed BH [8, 42] , leading to bursts with E iso 10 54 erg and E p,i 2 MeV, the observational identification is still pending. In these systems, which correspond to the late evolutionary stages of X-ray binaries as Cyg X-1 and Cyg X-3 [50] , or microquasars [51] , the hypercritical accretion produces, as out-states, a more massive BH and a νNS. Their occurrence rate can contribute to that of BdHNe, being CO core -BH a particular case of BdHN progenitors (see figure 1) .
In total analogy, the formation of a BH can occur in short bursts, depending whether or not the mass of the merged core of the binary system exceeds the NS critical mass. For NS-NS binaries, which are the outcomes of XRFs, we have [10, 42, 48] : -Short gamma-ray flashes (S-GRFs), with E iso 10 52 erg and E p,i 2 MeV. They occur when the merged core does not exceed the NS critical mass and does not collapse into a BH, but still remains as a MNS with some additional orbiting material to guarantee the angular momentum conservation. As a consequence, no GeV emission is expected from these systems and, indeed, is not observed. The S-GRF occurrence rate is ρ S−GRF = 3.6 figure 1 ).
-Authentic short GRBs (S-GRBs) with E iso 10 52 erg and E p,i 2 MeV. They occur when a BH is formed in the NS-NS merger. Thus, these systems exhibit GeV emission. Their occurrence rate is ρ S−GRB = 1.9 [42] (see figure 1 ).
We have recently proposed the existence of ultra-short GRBs (U-GRBs), a new hybrid sub-class of (yet unobserved) short bursts originating from the BdHNe out-states (νNS-BH binaries), which remain bound nearly in 100% of the cases [48] . These systems represent a yet unaccounted family of merging NS-BH binaries in the current standard population synthesis analyses [48] , therefore, including other possible channels of formation for NS-BH binaries, the lower limit of the U-GRB occurrence rate can be assumed equal to the BdHN rate, i.e., ρ U−GRB 0.77
−0.08 Gpc −3 yr −1 [42] (see figure 1 ). Finally, we proposed another sub-class of sources originating in NS-WD mergers: gamma-ray flashes (GRFs), a class of long GRBs occurring in a CBM environment with low density, e.g., ∼ 10 −3 cm −3 , typical of the halos of the GRB host galaxies [42, 52, 53] , not associated with SNe [54] , and characterized by the presence of a macronova emission in the optical afterglow [55] . GRFs have 10 51 E iso 10 52 erg and 0.2 E p,i 2 MeV and, therefore, the NS-WD merger forms a MNS and not a BH [42] . NS-WD binaries, are notoriously very common astrophysical systems [56] and their possible formation channels have been studied [57, 58] ; as proposed in Ref. [42] , another less likely but yet possible channel of formation is the merger of a NS-WD binary produced from an S-GRF. The GRF rate of occurrence is ρ GRF = 1.02 figure 1) .
In all the above systems, the 10 52 erg limit is clearly a function of the yet unknown precise value of the NS critical mass. As already pointed out in Ref. [42] the direct observation of the separatrix energy between S-GRFs and S-GRBs, and also between BdHNe and XRFs, gives fundamental informations for the determination of the actual value of maximum NS mass and for the minimum mass of the newly-formed BH.
In this paper we review the latest observational and theoretical results which led to above burst classification scheme. In Section 2, we briefly summarize the fireshell model. In Section 3, we describe the observational properties of XRFs and BdHNe and their interpretation within the IGC paradism. In Section 4, we focus on the S-GRBs and specially on the theoretical interpretation of their GeV emission. In Section 4, we summarize our Conclusions.
The fireshell model
Before going into details in the observational and theoretical description of XRFs, BdHNe, S-GRFs and S-GRBs, we briefly summarize the fireshell model which is at the basis for the above classification of all bursts.
In the fireshell model [6] [7] [8] , the GRB emission originate from an optically thick e + e − plasma of total energy E tot e + e − -the fireshell. Its expansion and self-acceleration is due to the gradual e + e − annihilation [59] . Even after engulfing the baryonic mass M B left over by the progenitor system, quantified by the baryon load B = M B c 2 /E tot e + e − [60] , the fireshell remains still optically thick and continues its self-acceleration up to ultrarelativistic velocities [61, 62] . When the fireshell reaches the transparency condition, a first flash of radiation, the P-GRB, is emitted [7, 59, 60] . The spectrum of the P-GRB is determined by the geometry of the pair-creation region: in the case of the spherically symmetric dyadosphere, the P-GRB spectrum is generally described by a single thermal component [42] . [10, 63] ; in the case of an axially symmetric dyadotorus, the resulting P-GRB spectrum is a convolution of thermal spectra of different temperatures which resembles more a power-law spectral energy distribution with an exponential cutoff [64, 65] .
After transparency, the accelerated baryons propagate through and interact in fully radiative regime with the CBM, giving rise to the prompt emission [7] . The structures observed in the prompt emission of a GRB depend on the CBM density n CBM and its inhomogeneities [66] [67] [68] . In both long and short bursts the CBM clouds have similar masses (10 22 -10 24 g), sizes (≈ 10 15 -10 16 cm), and typical distances from the BH (≈ 10 16 -10 17 cm) [10, 33] . The observed prompt emission spectrum results from the convolution of a large number of comoving spectra with decreasing temperatures and Lorentz and Doppler factors, due to each collision with the CBM, over the surfaces of constant arrival time for photons at the detector [69, 70] over the entire observation time.
To conclude, the evolution of an optically thick baryon-loaded pair plasma, is generally described in terms of E tot e + e − and B and it is independent of the way the pair plasma is created. This general formalism can also be applied to any optically thick e + e − plasma, like the one created via νν ↔ e + e − mechanism in a NS merger as described in [17, 71, 72] .
XRFs and BdHNe in the IGC paradigm
We here focus on the comparison between XRF and BdHN sub-classes within the IGC paradigm, giving a special attention to the latest theoretical results on the BdHNe.
In the IGC scenario, both XRFs and BdHNe originate in the hypercritical accretion process of the SN ejecta onto the NS binary companion. In this phenomenon photons are trapped in the accreting material and the accretion energy is lost through a large associated neutrino emission [39, 40, 73, 74] . In the XRFs, the CO core -NS binary is widely separated (a 10 11 cm), thus the accretion rate < 10 −2 M � s −1 can only push the binary companion NS to become a MNS. The resulting emission, dubbed Episode 1, lasts ∼ 10 2 -10 4 s. Its spectrum is characterized by: 1) a thermal component spectrum with temperatures in the range of 0.1-2 keV and corresponding radii of 10 10 -10 12 cm (see figure 2 , left-panel), possibly originating from the outflow within the NS atmosphere driven out by Rayleigh-Taylor convection instabilities [40] , and 2) a power-law component, possibly related to the excess of angular momentum of the system which necessarily leads to a jetted emission [41] . The long lasting X-ray emission does not exhibit any specific common late power-law behavior (see figure 2, right panel) and can be explained by the emission of the SN ejecta shocked by the hypercritical accretion emission of the XRF. This energy injection into the SN ejecta leads to the occurrence of a broad-lined SN Ic [75] with a kinetic energy larger than that of the traditional SNe Ic [42] . The absence of GeV emissions is implicit in the nature of the hypercritical accretion process not leading to a BH. Of course, all XRFs at redshift z 1 exhibit an optical SN with a luminosity similar to the one of SN 1998bw [76] , which occurs after 10-15 days in the source cosmological rest-frame.
In the IGC paradigm, the shorter the CO core -NS binary period, the larger the accretion rate and the values of E iso and E p,i , and correspondingly the shorter the prompt emission duration [41] . Indeed, in BdHNe the CO core -NS binary is more tightly bound (a 10 11 cm) and the accretion rates of the SN ejecta can be 10
, leading the companion NS to collapse to a BH [40, 41] . For Left panel: the evolution of the radius of the thermal component detected in GRB 060218 (black circles) and its linear fit (solid red curve) and of the corresponding rest-frame temperature (blue diamonds). Reproduced from Ref. [77] . Right panel: restframe X-ray 0.3-10 keV luminosity light curves of selected XRFs: 050416A (red), 060218 (dark green), 070419A (orange), 081007 (magenta), 100316D (brown), 101219B (purple), and 130831A (green).
this reason BdHNe exhibit a more complex structure than XRFs composed of distinct Episodes.
-Episode 1 in BdHNe, like in the case of XRFs, also originates in the hypercritical accretion process. The corresponding spectrum again exhibits: 1) an expanding thermal component with a decreasing temperature, typical radii of 10 9 -10 10 cm and an average expansion speed of ∼ 10 8 -10 9 cm s −1 (see figure 3 (a)), and b) a power-law function [33, 34, 78] .
-Episode 2 corresponds to the γ-ray prompt emission of an authentic long GRB (see figure 3 (b) ), stemming from the collapse of the companion NS to a BH and leading to the vacuum polarization process and the creation of an e + e − plasma. The analysis of the P-GRB emission indicates that BdHNe have a baryon load of B ≈ 10 −4 -10 −2 and at transparency they reach a Lorentz factor of Γ = 10 2 -10 3 . The prompt emission is produced by the interaction of the fireshell with the CBM clouds located at ∼ 10 16 -10 17 cm from the burst site with average number density of ∼ 1 cm −3 [33, 78] .
-Episode 3 occurs after the prompt emission in the Xrays. It composed of a steep decay characterized by the presence of an early X-ray flare, a plateau and a late power-law decay which we refer as to the afterglow. These three components are dubbed flare-plateauafterglow (FPA) phase [79] . During the early X-ray flare phase (typically at a rest-frame time of ∼ 10 2 s) an expanding thermal component has been observed in its spectrum [9, 47, 79] . The inferred radii are typically ∼ 10 12 -10 13 cm and they expand at mildly relativistic speed with Γ 4 [9, 47, 78, 79] . The size of the corresponding emitting region is clearly incompatible with the radii inferred from Episodes 1 and 2. When computed in the source cosmological rest-frame, the plateau and the late power-law decay exhibit new features (see figure 3 (c) ): 1) the overlapping of the afterglow phases, which have typical slopes of −1.7 α −1.3 and show a characteristic common power-law behavior [46] ; the nested property, which shows that the duration (the luminosity) of the plateau phase is inversely (directly) proportional to the energy of the GRB emission, i.e., the more energetic the source, the smaller (higher) the duration (the luminosity) of the plateau [47] . The use of the overlapping of the afterglows as a distance indicator has been explored by inferring the redshifts of GRB 101023 [34] , and has been applied to predict the occurrence of the SN associated to GRB 130427A before its discovery [80] , later confirmed by the observations [81] [82] [83] [84] . In the IGC scenario, the FPA originates from the SN ejecta [9, 79] . In BdHNe the SN ejecta experiences an energy injection from GRB emission leading to the occurrence of a broad-lined SN Ic [75] with a kinetic energy larger than that of the traditional SNe Ic. This energy injection results in an isotropic energy emission of 10 51 -10 52 erg for the FPA phase. In particular, the X-ray flare can be modeled by considering the impact of the GRB on the SN ejecta and the propagation of the optically thick e + e − plasma into a medium largely baryon-contaminated (B ≈ 10-10 2 ). A numerical integration starting at 10 10 cm all the way to 10 12 cm, where the transparency is reached, gives a perfect agreement between the radius of the emitter at transparency and the observations, as well a coincidence of the observed time of the peak emission of the flare [79] . The plateau and the afterglow phases are still under study (M. Karlica et al., in preparation).
-Episode 4 corresponds to the optical SN emission observable in all BdHNe at z 1 after ≈ 10-15 days in the cosmological rest-frame. All these SNe have a standard luminosity similar to the one of SN 1998bw [76] .
-Episode 5 is identified with the distinctive long-lived GeV emission, observed in the majority of BdHNe when within the LAT field of view. Though this emission follows a precise power-law behavior with index ≈ −1.2 [42, 85] (see figure 3 (d) ), this emission is conceptually distinct in its underlying physical process from that of Episode 3: it originate, in facts, in the further accretion of matter onto the newly-formed BH and it is ob- 
The S-GRBs in the NS-NS merger paradigm
In Section 1 we discussed the rates of S-GRFs and SGRBs, showing that S-GRFs are the most frequent events among the short bursts. This result is also in good agreement with the NS-NS binaries observed within our Galaxy: only a subset of them has a total mass larger than the NS critical mass M NS crit and can form a BH in their merging process [10] if we assume that M NS crit = 2.67M � for a non-rotating, globally neutral NS within the NL3 nuclear model [87] . In this light S-GRBs are very important for inferring constraints on M NS crit , on the NS equation of state, and on the minimum mass of the newly-formed BH.
To date, within the fireshell model we have analized five authentic S-GRBs: 090227B [63] , 140619B [10] , GRB 090510 [64] , 081024B and 140402A [65] . The analyses of the P-GRB emission and the correlation between the spikes of the prompt emission and CBM inhomogeneities gave the most successful test for the fireshell model. S-GRBs share some remarkable analogies but also some differences with BdHNe in view of the simplicity of the underlying physical system of S-GRBs, which unlike the BdHNe, do not exhibit any of the extremely complex activities related to the SN (see Section 3).
-Episode 1 here is related to the NS-NS merger activity before the gravitational collapse into a BH and possibly corresponds to faint precursors observed in some short bursts [64, 88] . Because of the compactness of the systems this process at times is not observable.
-Episode 2 corresponds to the GRB emission from the NS-NS merger. Within the fireshell model it is composed of the P-GRB, which occur before the onset of the GeV emission, and the prompt emission (see figure 4 , left panel). From the analysis of their P-GRB emission, all S-GRBs have a standard values of the baryon load (B ≈ 5 × 10 −5 ), which is consistent with the crustal masses of NS-NS mergers [10, 89] , and of the Lorentz factors at the transparency Γ ≈ 10 4 [10, [63] [64] [65] . From the fit of the prompt emission (see figure 4 , right panel), it came out that S-GRBs occur in a standard CBM with average density �n CBM � ≈ 10 −5 cm −3 [10, [63] [64] [65] , which is typical of galactic halos where NS-NS mergers migrate, owing to natal kicks imparted to the binaries at birth [22] .
-Episode 3, which corresponds to the traditional X-ray afterglow, differs from that of BdHNe which results from the interaction between the GRB and the SN ejecta. Work on this topic is still ongoing.
-Episode 4, identified with the optical emission of a SN, is here missing.
-Episode 5 coincides with the GeV emission turning on soon after the P-GRB and being coeval with the prompt emission. With the exception of GRB 090227B, which was outside the nominal Fermi-LAT field of view [86] , all S-GRBs consistently exhibit this emission, which appears to be strictly correlated to that observed in the BdHNe. Since the presence of a BH is the only commonality between BdHNe and S-GRBs, by analogy we assume that the GeV emission originate from the activity of the newly-born BH produced in the merger [10] . The rest-frame 0.1-100 GeV luminosity light curves of all S-GRBs with LAT data follow a common powerlaw behavior with the rest-frame time which goes as t −1.29±0.06 (see dashed black line in figure 5 ). Table 1 lists the redshift, E p,i , E iso (in the rest-frame energy band 1-10000 keV), and the GeV isotropic emission energy E LAT (in the rest-frame energy band 0.1-100 GeV) of all S-GRBs. The values of E LAT represent lower limits to the actual GeV isotropic emission energies, since at late times the observations of GeV emission could be prevented due to instrumental threshold of the LAT. Using the maximum GeV photon observed energy E max GeV listed in table 1, we derive a lower limit on the Lorentz factor of the GeV emission Γ min GeV by requiring the optically thin condition to the high energy photons [90] . For each S-GRB we estimate lower limits in each time interval of the GeV luminosity light curves in figure 5 . Then, Γ min GeV for each S-GRB has been then determined as the largest among the inferred lower limits. It follows that the GeV emission is produced by an ultrarelativistic outflows with Γ min GeV 300 (see table 1 ).
We propose that the GeV emission in S-GRBs is produced by accretion onto the new-born BH of a certain amount of mass that remains bound to it because of the conservation of energy and angular momentum from the merger moment to the BH birth [64] . Lower limits on the amount of accreted mass can be attained by considering the accretion process onto a maximally rotating Kerr BH. Depending whether the infalling material is in co-or counter-rotating orbit with the spinning BH, the maximum efficiency of the conversion of gravitational energy into radiation is η + = 42.3% or η − = 3.8%, respectively [91] and, therefore, E LAT can be expressed as
where f b is the beaming factor which depends on the geometry of the GeV emission, and M η ± acc is the amount of accreted mass depending on the choice of the efficiency. The observational evidence that the totality of S-GRBs exhibit GeV emission and that its absence is due instrumental absence of alignment between the LAT and the source at the time of the GRB emission suggest no significant beaming. Therefore, in the following we set f b ≡ 1. The corresponding estimates of M η ± acc in our sample of S-GRBs are listed in table 1.
Conclusions
Remarkable progresses in the understanding of GRBs have been made possible thanks to the great amount X-and γ-rays and high energy data and to a deeper theoretical understanding of WD [92] , NS [87, 89] and BH [93] , leading to a new paradigm purporting the role of binary systems as progenitors of GRBs: CO core -NS binaries for long Figure 5 . The rest-frame 0.1-100 GeV isotropic luminosities of the S-GRBs: 081024B (orange empty diamonds), 090510 (gray filled circles), 140402A (red filled squares), and 140619B (green empty squares). All the light curves start after the P-GRB emission. The dashed black line marks the common behavior of all the S-GRB light curves which goes as t −1.29±0.06 . Reproduced from Ref. [65] . bursts within the IGC paradigm [6, [38] [39] [40] , and NS-NS (or NS-BH) binaries for short bursts, as widely accepted and confirmed by strong observational and theoretical evidences [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . These paradigms have led to the classification of GRBs in seven different sub-classes (see figure 1) . We here focus our attention on the sub-classes of XRFS, BdHNe, S-GRFs and S-GRBs.
In Section 2, we review the fireshell model for GRBs [6] [7] [8] and its essential role in order to disentangle the various emission episodes characterizing each of the above sub-classes.
In Section 3, we summarize the commonalities and the differences between the observational properties of XRFs and BdHNe and provide their theoretical interpretation within the IGC paradigm, namely, whether or not the hypercritical accretion process leads to the formation of a BH.
In Section 4, we outline the properties S-GRFs and SGRBs originating in NS-NS mergers leading to a MNS and the formation of a BH, respectively. Then, we focus on S-GRBs and on the key role of the P-GRB identification for their description, as well as the analysis of the GeV emission. We finally discuss in details the GeV emission uniquely observed in both BdHNe and S-GRBs, when within the Fermi-LAT FoV. In both cases it starts after the P-GRB emission and it is coeval with the occurrence of the prompt emission [42] . Moreover, the restframe 0.1-100 GeV luminosities in BdHNe and S-GRBs share a common luminosity pattern, a precise power-law behavior with time ∝ t −1.2 [9, 10, 42, 65, 85] . These commonalities, in such different systems, as well as their energy requirements are naturally explained if we assume that the GeV emission originates by accretion processes in the newly-born BH [9, 10] . In all the identified S-GRBs, within the Fermi-LAT FoV, GeV photons are always observed [42, 64] . This implies that no intrinsic beaming is necessary to explain the S-GRB GeV emission. Within the hypothesis of isotropic emission, in the case of S-GRBs we point out how the total energy of the GeV emission can attained from the gravitational binding energy of mass accretion of M 0.03-0.08M � or M 0.35-0.86M � for coor counter-rotating orbits with a maximally rotating BH, respectively (see table 1 by requiring the optically thin condition to the high energy photons [90] .
From the above consideration and the proposed classification scheme some considerations follow.
-The knowledge of the separatrix energy of 10 52 erg, which discriminates between systems forming or not BHs and on which our classification scheme of GRBs is based, represents an observational constraints on the value of the NS critical mass M crit , certainly in the range of 2.2-2.7 M � for a non-rotating NS depending on the equations of state [87] , and the minimum mass of a BH. This value is consistent and can be derived in BdHNe by considering the hypercritical accretion process onto a NS leading to an energy release in form of neutrinos and photons, given by the gain of gravitational potential energy of the matter accreted in the NS. This includes the change of binding energy of the NS while accreting both matter and angular momentum [42] .
-Most noteworthy, the existence of a precise common power-law behavior in the rest-frame 0.1-100 GeV luminosities of S-GRBs (see figure 5 ), following the BH formation, points to a commonality in the mass and spin of the newly-formed BH. This result is explainable with the expected mass of the merging NSs, each one of mass M ≈ 1.3-1.5M � [94] , and the above expected range of the non-rotating NS critical mass, leading to a standard value of the BH mass and of its Kerr parameter [10] .
-Finally, we discuss the gravitational wave (GW) detectability by advanced LIGO (aLIGO) from S-GRBs. We have already shown that binaries in which each NS has a mass M NS = 1.34 M � = 0.5M NS crit produce GW signals which are well below the signal to noise ratio S/N= 8 needed for a positive detection by aLIGO: a positive GW detection may occur only for sources located at z 0.14 for the aLIGO 2022+ run, a redshift well above that of GRB 090510, to date the closest S-GRB located at z = 0.903 [10, 95, 96] . 
